Methyl methacrylate (MMA) was grafted onto silk fiber in a one-step emulsion system using a diethylzinc and 1,10-phenanthroline complex. The reaction conditions were investigated by varying temperature and initiator to monomer ratio. Fourier transform infrared (FTIR) spectrum, thermogravimetric analysis (TGA), and scanning electron microscopy (SEC) techniques were used to characterize the structure, thermal stability, and surface morphology of the obtained product, respectively. Grafting of MMA onto silk increased the thermal stability of silk. The FTIR spectrum and SEM images provided further evidence that MMA has been successfully grafted onto the silk fiber. A peak ascribed to the C=O stretching vibration of MMA was detected in the FTIR spectrum of grafted silk fiber, which was not present in the spectrum of pure silk fiber. Moreover, the SEM images illustrated the increase in diameter and surface roughness of grafted silk compared with pure silk. Lastly, the dyeing performance of the modified silk was significantly increased.
Introduction
Silk is one of the most highly sought nature fibers, which presents many excellent properties, such as high moisture absorbency, good biocompatibility, and graceful luster [1] [2] . Owing to these features, silk fibers are widely used for decorations, clothes, and other products useful for the human body [3] . However, there are some limitations to the applications of silk, which are mainly attri-How to cite this paper: Zhao, C., Okada, H., Asakawa, M., Sugimoto, R. and Yoshino, K. (2019) Grafting Methyl Methacrylate onto Silk via Emulsion Graft Copolymerization Using a Diethylzinc Complex Initiator. Green and Sustainable Chemistry, 9, 135-142. https://doi.org/10.4236/gsc. 2019.94010 buted to its poor crease recovery, low limiting oxygen index, easy yellowing, fibrillation, and poor color fastness [1] [4] . Therefore, finding ways to overcome these shortcomings is important for expanding the application of silk fibers.
Many papers on the physical and chemical modification of silk have been published recently. Compared with other methods of modifying silk fiber, graft polymerization involves low energy consumption, leads to long-lasting modification effects, imparts excellent properties to the final product, and improves the existing properties of the parent polymer without degrading its original properties [5] . Free radical polymerization has been widely used for graft polymerization owing to its mild reaction conditions and the simplicity of the procedure.
Many monomers were grafted onto silk fiber using graft polymerization, including 2-hydroxyethyl methacrylate [6] , methacrylamide (MAA) [6] , octafluoropentyl [7] , and diethylene glycol dimethacrylate [8] . Of all vinyl monomers, MMA is the most widely used monomer for silk grafting and still represents an attractive model for studying the physicochemical and structural changes caused by grafting [9] [10] .
In some of our previously published papers, we reported that diethyl(1,10-phenanthroline N 1 ,N 10 )zinc (Phen-DEZ) was used as a radical initiator for the successful graft modification of polypropylene and polyethylene [11] [12]. However, there is no literature report that has been published regarding the use of diethylzinc (DEZ) to initiate graft polymerization of silk. As the original intention of this study was to extend the applications of diethylzinc, silk was selected as graft polymerization matrix.
Experimental

Materials
Silk fibers from Bombyx mori silkworms were used as MMA grafting substrate after degumming and cleaning them for 12 h in a Soxhlet extractor using acetone and water to remove impurities. Nippon Aluminum Alkyls, Ltd. supplied DEZ.
Sodium dodecyl sulfate (SDS), MMA, MgSO 4 , NaOH, hexane, chloroform, acetone, methanol, and 1,10-phenanthroline were purchased from Wako Pure Chemical Industry, Ltd. To remove the stabilizer, MMA was washed with NaOH. Deionized water was used to prepare all solutions. Resin dye (SDN blue) was purchased from Osaka Kaseihin. Co., Ltd.
Characterization and Measurements
The Fourier transform infrared (FTIR) spectra of modified and unmodified silk were recorded on a Jasco FT/IR-480 Plus spectrometer, in the range of 400 -4000 cm −1 . The surface morphology of silk was examined using a Hitachi SU-8020 scanning electron microscopy (SEM) instrument. Thermogravimetric analysis (TGA) of silk was carried out using a Hitachi STA7200 RV analyzer in air at the heating rate of 10˚C/min. The surface morphology of silk fiber was analyzed using a Hitachi SU-8020 field emission-SEM apparatus.
Preparation of Phen-DEZ
We used the same method reported in one of our previously published papers to synthesize Phen-DEZ [13] . The reaction was performed in a two-necked 50 mL round bottom flask equipped with a stirrer. Hexane (20 mL) and 1,10-phenanthroline (1080 mg) were added to the reaction system, while slowly injecting 0.7 mL DEZ at 23˚C. After allowing the mixture to react for 24 h under argon atmosphere for protection, the mixture was filtered and the obtained Phen-DEZ was collected and dried in vacuo.
Graft Polymerization Procedure
Since silk fiber can be fully dispersed in water and using water as solvent presents advantages (water is a low cost, non-polluting substance), an emulsion polymerization system was selected in this study. Silk fiber (100 mg), SDS (180 mg) and deionized water (7.5 mL) were added to a 50 mL flask. The excess oxygen was removed using freeze-pump-thaw cycles. Then, 2.5 mL MMA was added to the reaction system using a syringe. After fully mixing the reactants, the required amount of Phen-DEZ (33 mg -500 mg) was added to the solution. The graft polymerization systems were maintained at the desired temperature (see Table 1 ) for 24 h. The grafted silk samples were extracted using chloroform for 100 h to remove the homopolymer and were subsequently dried and weighted.
The grafting yield (Yg) was calculated using the following equation:
where m 0 and m 1 are the initial weight of pure silk and weight of the grafted silk, respectively.
Dyeing
The degummed, pure silk, and MMA-grafted silk (silk-g-MMA) were dyed using commercial resin dye (SDN blue). The ratio of dye solution to water was maintained at 1:20 according to the dyeing manual. Dyeing was performed at 60˚C for 5 min and was followed by ultrasonic cleaning and washing using running water. Soap solution was used to further clean the dyed silk fiber. Lastly, both silk fibers were dried in vacuum at 23˚C, and the dried silk was directly used for color comparison. 
Results and Discussion
By changing the reaction conditions, such as the initiator concentration and temperature, it was possible to obtain grafted silk fiber featuring different graft ratios. The results are summarized in Table 1 .
As the initiator to monomer (I:M) molar ratio increased from 1:300 to 1:15, the graft yield decreased. When the I:M ratio increased from 1:300 and 1:90, the graft yield decreased, but remained above 200%. However, when the I:M ratio was further increased to 1:30, the graft yield was significantly reduced to 97.6%.
These results suggested that within the range of I:M ratios selected in this study, increasing the amount of initiator caused the bi-radical termination of excessive radicals, and thus, caused the grafting rate to decrease.
The effect of temperature on the graft yield was more pronounced than that of the initiator concentration. When the reaction temperature was increased from 23˚C to 50˚C and 80˚C, the graft yield greatly increased. That could be attributed to the increase in temperature leading to more grafting sites being produced on the surface of the silk fibers, and consequently to the increase in graft yield. On the other hand, increasing the temperature also increased the rate of bi-radical termination. Therefore, when the temperature was further increased from 50˚C to 80˚C, the graft yield decreased again.
The FTIR spectra of pure and grafted silk are shown in Figure 1 . The characteristic absorption peak at 3300 cm −1 was assigned to the N-H hydrogen bonds, and the peak at approximately 3080 cm −1 was ascribed to the N-H stretching vibrations. The spectra for the silk samples showed absorption bands at 1653, 1543, and 669 cm −1 (amides I, II, and V, respectively), which were assigned to the silk I structure [7] [14] [15] [16] . In comparison of the FTIR spectra of the pure and grafted silk, the characteristic peaks of poly MMA (PMMA) were only identified in the spectrum of modified silk, which demonstrated that MMA was grafted onto silk [17] [18]. In addition, the peak at 1732 cm −1 was attributed to the stretching vibrations of the ester carbonyl group, the absorption band at 2948 cm −1 corresponded to the -CH 2 -groups, the weak absorbance peaks at 1632 and 1261 cm −1 were identified to be the absorbance of the C-C stretching and -C-O-C groups of PMMA, respectively, the peaks at 1193 and 752 cm −1 were associated with the -CH 2 -group twisting and rocking modes, and the band at 1447 cm −1 represented the asymmetric stretching of the -CH 3 groups. macromolecules and oxidation of carbon, respectively [1] . Two distinct mass loss processes can be observed in the TGA curve of silk-g-PMMA. The first weight loss stage was due to the least stable head to head linkage of grafted PMMA, which has been reported in previously published papers [19] [20] .
When the temperature reached 290˚C, the grafted silk fiber underwent random scission degradation of the grafted PMMA, which began to thermally decompose. This temperature was 40˚C higher than that of unmodified silk fiber, DOI: 10.4236/gsc.2019.94010 140 Green and Sustainable Chemistry which indicated that the thermal stability of the grafted silk fiber was improved. Figure 3 presents the surface morphology of untreated silk (a) and silk-g-PMMA (b). Pure, untreated silk presents a clean and smooth surface and no obvious sediments and texture, while silk-g-PMMA exhibits a rough and uneven appearance. This demonstrated that MMA was successfully grafted onto the silk fiber. Using the SEM images, we concluded that the diameter of the pure silk fiber was approximately 12 μm, while the diameter of the grafted fiber was 16 μm. The increase in diameter was attributed to the grafted PMMA layer, which further demonstrated the success of the graft polymerization.
Silk presents good dyeing performance, and its color is bright after dyeing.
However, silk fiber exhibits poor color fastness performance and its color easily fades after washing. From Figure 4 , we observed that the dyeing performance of silk fiber before and after grafting was good, and the dyed silk fiber presented brilliant blue color. Compared with the pure silk fiber, the grafted one was more easily dyed and exhibited superior dyeing performance. However, after ultrasonic washing and soaping, both silk fibers presented different degrees of fading.
Comparing the fading degrees of silk fibers before and after grafting, we concluded that the silk-g-PMMA fiber exhibited better dyeing properties than pure silk, and grafting could improve the color fastness of silk fiber. This could be attributed to the grafted PMMA molecules filling in the amorphous areas of silk, which resulted in higher free volumes inside the amorphous areas [4] . 
Conclusion
Graft polymerization of MMA onto silk fiber in an aqueous system using the Phen-DEZ complex as initiator was carried out, and the reaction presented high graft yield. The FTIR spectra confirmed the grafting of PMMA onto silk fiber.
Moreover, the SEM images illustrated the changes in silk surface morphology before and after grafting. It was also found that the grafted silk presented higher thermal stability, better dyeability, as well as better color fastness than pure silk.
